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We propose a simple method for forming massive and uniform three-dimensional
(3-D) cell spheroids in a multi-level structured microfluidic device by gravitational
force. The concept of orienting the device vertically has allowed spheroid forma-
tion, long-term perfusion, and retrieval of the cultured spheroids by user-friendly
standard pipetting. We have successfully formed, perfused, and retrieved uniform,
size-controllable, well-conditioned spheroids of human embryonic kidney 293 cells
(HEK 293) in the gravity-oriented microfluidic device. We expect the proposed
method will be a useful tool to study in-vitro 3-D cell models for the proliferation,
differentiation, and metabolism of embryoid bodies or tumours. © 2012 American
Institute of Physics. [doi:10.1063/1.3687409]

INTRODUCTION

Formation of cell spheroids is one of the essential tools for studying the behaviours of a
3-D cellular model. The 3-D cellular model should be used to mimic the in-vivo environments
better (e.g., diffusion and transport conditions of drugs, nutrients, and oxygen).' Further,
the cellular spheroid size of the embryoid bodies (EBs) is a critical cue of its differentiation,
resulting in different consequences.”® Cell spheroids are also more reliable material than
two-dimensional (2-D) cellular models for drug screening in clinical research.*> For example,
in tissue engineering, experimental results in 2-D cellular models do not match to those in
clinical trials, because the chemical and physical behaviors in tissues or organs are based on
the 3-D cellular models. The conventional method for the formation of spheroids includes a
hanging drop method,®’ a rotary shaker,® and a stirring vessel.” However, these techniques are
still not suitable for the precise control of spheroid size and microenvironments.

Microfluidics and microtechnology have enabled the formation of a uniform spheroid size.
A very simple method of using non-adhesive polyethylene glycol (PEG) microwell arrays has
been employed to adjust the EB size by geometrical confinement of the microwells.'® A multi-
layer microfluidic device with a porous membrane was employed to achieve both the spheroid
formation and in-situ culture.'" A microfluidic array platform containing concave microwells
and flat cell culture chambers for both EB formation and its culture was also introduced.'?
Previously, we reported a microfluidic network-based 3-D cell culture device consisting of
cell-docking chambers with multi-depth structures. However, the device was limited in use by a
syringe pump-based operation procedure and large device size.'?

The issues and essential functions often encountered in using such 3-D cell culture micro-
systems include a user-friendly method, easy fabrication, size regulation, in-situ and long-term

YElectronic mail: kwangoh@buffalo.edu.

1932-1058/2012/6(1)/014114/7/$30.00 6,014114-1 © 2012 American Institute of Physics


http://dx.doi.org/10.1063/1.3687409
http://dx.doi.org/10.1063/1.3687409
http://dx.doi.org/10.1063/1.3687409

014114-2 Lee etal. Biomicrofluidics 6, 014114 (2012)

culture, and retrieval of cell spheroids. In this paper, we propose a simple method to deal with
the above issues by utilizing the concept of orienting the device vertically, permitting standard
manual pipetting and designing an electric circuit analogy-based microfluidic network:

(1) Our approach is simple because all procedures are based on user-friendly standard pipetting.

(2) 3-D structures can be easily fabricated by conventional 2-D soft-lithography process. Further-
more, we can scale up the number of microchambers in a parallel configuration.

(3) By controlling the initial concentrations of cells, we can precisely regulate the size of the cell
spheroids within geometrical ranges.

(4) The methodology provides in-situ and long-term culture of cell spheroids by designing appro-
priate trap geometry and microfluidic network-based perfusion configuration.

(5) Lastly, we can retrieve cell spheroids from the trap microchambers simply by reverse flow for
further biological experimentation.

WORKING PRINCIPLE

The device consists of three layers for (1) reservoirs, (2) multi-level structures (e.g., 50
thick rounded trap microchambers, thick main channels, thin perfusion channels, and inlet/outlet
ports), and (3) a bottom substrate (Fig. 1(a)). The channel network was configured based on the
analogy between electric and hydraulic circuit."* In this design, a predominant design rule is
that the hydraulic resistance of the perfusion channels is much higher than that of the others:
Rp (the perfusion channel) >R, (the upper main channel, e.g., Rp ~ 1000 x R,), Rp (the
neck), Rc (the trap chamber), Rg (the lower main channel) (Fig. 1(b)). Thus, this design concept
does not require the complex calculation and geometrical adjustment (e.g., channel length)
compared to our previous work'> because Rp, is dominated when the channel networks are ana-
lysed. In addition, when the inlet ports and outlet ports are opened, the high resistance of Rp
plays a role for a passive valve. To make the high resistance of Rp, it was adjusted by the shal-
low channel with 5 um thick, which could also trap the cells in the chamber without loss of the
cells when the device is turned vertically because the cell size (=10 wum) is bigger than the
channel height (5 um). Next, neck structures were designed to be 200 um wide. The maximum
size of spheroids formed in this device was limited to the height of chamber (300 pum). When
the cells are aggregated, the neck structures (150 pum) prevent an occasional release of the sphe-
roids into the main channel. The working principle for the formation and the retrieval of sphe-
roids of EBs is illustrated with equivalent electric circuits (Fig. 1(c)).

First, the cells are loaded into port 1 by standard pipetting (Fig. 1(d1-1)). The loaded cells
flow from port 1 to port 2 and fill the upper main channel. The relatively high hydraulic resist-
ance of the shallow perfusion channels prevents the inflow through the chambers (passive valve).
Once the main channel is filled with the cells, ports 1 and 2 are closed by size-customized tip
valves (Fig. 1(d1-2)). Then, the device is turned vertically for an incubation time of 10 min and
most of the cells are evenly trapped to each chamber by gravity (Fig. 1(d2-1))."* In the next step,
the remaining cells in the main channel are flushed out with a fresh medium, whereas the precipi-
tated cells in the chambers are not nearly affected by the flow due to Rp>>Ra, Rp, Rc, Rg
(Fig. 1(d2-2)). Within a day, the cell spheroids are well formed in the chambers (Fig. 1(d3)).
When the cells are aggregated, the neck structures prevent an occasional release of the spheroids
into the main channel. In this system, gravity-driven perfusion of a medium, to feed nutrients and
remove cellular waste, is also applied with the pressure head difference between ports 1 and 2
and ports 3 and 4 (Fig. 1(d4))."*"® Due to Rp>> Ra, Rg, Rc, R, the input medium is evenly per-
fused.'>'? Lastly, if retrieval of the cell spheroids is required, they can be extracted from the trap
chambers by applying reverse flow from port 4 to port 1 (Fig. 1(d5)).

MATERIAL AND METHOD
Microfabrication

The microfluidic device was fabricated by the multi-level SU-8 fabrication method and
polydimethylsiloxane (PDMS) replica moulding.?® For the first level of 5 um film, SU-8 2005
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FIG. 1. Schematic of the proposed gravity-oriented microfluidic device for cell spheroid formation. (a) Design parameter
of the proposed device configuring multi-level structures. (b) Equivalent purely resistive electrical circuit. (c) Working
principle for the formation and retrieval of the cell spheroids: 1. cell loading by standard pipetting; 2. cell down by orient-
ing the device vertically; 3. spheroid formation; 4. gravity-driven perfusion; and 5. spheroid retrieval by reverse flow.
(d) Side and top views of each procedure (enhanced online) [URL: http://dx.doi.org/10.1063/1.3687409.1]

photoresist (Microchem, Newton, MA, USA) was coated on a silicon wafer, selectively exposed
to define the shallow perfusion channels of 5 um, and post-baked (not developed yet). For the
second level of 300 um film, SU-8 2050 photoresist (Microchem, Newton, MA, USA) was
coated twice with a thickness of 150 pum above the first film (5 um film) and exposed to define
the thick channels (main channels) and chambers. All SU-8 layers were then simultaneously
developed. PDMS (Sylgard 184, Dow Corning, Midland, MI, USA) was poured onto the pat-
terned mould (for the middle layer) and two non-patterned plat substrates (for the top and
bottom layers). After curing, the PDMS replicas were peeled off from the silicon substrates.
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FIG. 2. (a) Photographs of the microfluidic device when the device is normally positioned (top) and vertically oriented
(bottom). (b) The captured images after loading HEK 293 cells in the state of the normal position (top) and after settling
down into the trap chambers by gravity in the state of vertical standing (bottom). The green colour represents cell viability.
The scale bars are 1 cm and 300 um for (a) and (b), respectively.

Inlet and outlet holes were punched through the patterned PDMS slab. Following air plasma
treatment, the middle PDMS slab was bonded to the bottom PDMS slab. In the same manner,
the top PDMS slab with four reservoirs of 8§ mm diameter and 10 mm height was bonded
to the preformed middle/bottom slab. To make the channel walls resistant to cell adhesion,
5% w/v bovine serum albumin (BSA, Sigma) was introduced into the channels and incubated
overnight.

Cell preparation

HEK 293 cells (human embryonic kidney 293 cells) were maintained in Dulbecco’s modi-
fied eagle’s medium (DMEM) supplemented with 10% foetal bovine serum (Invitrogen Cat.

Day 0 Day 1 Day 3 Day 5

FIG. 3. Morphologies of HEK 293 cell spheroids after O day (i.e., 10 min), 1, 3, and 5 days and the corresponding fluores-
cence images for cell viability with different cell concentrations: (a) 1 x 1()6/mL, (b) 2 x 1()6/mL, and (c) 4 x 1()6/mL. The
scale bar is 300 um.
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FIG. 4. The results of spheroid growth (diameter) for a 5-day culture with different initial cell concentrations. The average
increasing rates are 19.2%, 10.1%, and 9.2% for 1x, 2%, and 4 X, respectively.

No. 16140071) and 1% penicillin-streptomycin (Invitrogen, Cat. No. 15070-063) at 37°C and
5% CO,. To facilitate the spheroid formation of HEK 293, 3% (w/v) polyvinylalcohol (PVA)
was added to the cell suspension.”’ HEK 293 cells were transfected with enhanced green fluo-
rescent protein (EGFP) by lipofectamine 2000 (Invitrogen Cat. No. 11668019) according to the
manufacturer’s protocol. The EGFP was used to assess cell viability. An inverted microscope
(Olympus IX81), using a mercury lamp source, was used to observe the cell spheroids.

RESULTS AND DISCUSSIONS
Cell loading and cell down

First, we investigated the even distribution of the cell suspension across the trap chambers
and performed cell loading and cell down using the fabricated device (Fig. 2(a)). HEK 293 cell
suspension (20 ul) was loaded into port 1 using standard pipetting (top in Fig. 2(b)). The shal-
low perfusion channels ensured no noticeable inflow of the cell suspension into the chambers,
resulting in uniform cell distribution across the main channel. In this methodology, the most
important property of fluid is a viscosity. It will influence on the cell down as well as perfusion
process, which will limit the use of methodology. However, in the level of viscosity of the con-
ventional mediums, the cell down and perfusion process will work well without problem
because the viscosity of our perfusion medium (PVA added) is similar to or higher than others.
Then, the device was turned vertically and incubated for 10 min at the closed state of ports

FIG. 5. (a) Retrieval results of cell spheroids after culture for 3 days by backflow with standard pipette process as shown in
Figs. 1(d5) and 1(b) viability of the spheroids extracted from the microchambers. The flexibility of the cell spheroids makes
extraction from the microchambers easy. The scale bar is 300 pm.
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1 and 2 by plugging them with tip valves. The cells settled down evenly into each chamber by
gravity, and the cells remaining in the main channel were flushed out to port 2 by adding a cul-
ture medium in the reservoir of port 1 (bottom in Fig. 2(b)). In our design, round-shaped side
wells prevented clogging of the cells at the wall surface. Moreover, the rounded surface
enhanced clustering of the sediment cells at one point in the chambers (i.e., bottom of the
chamber).

Size regulation of cell spheroids

Next, we studied spheroid size regulation of the HEK 293 EBs with different initial con-
centrations: 1 x 10%ml (Fig. 3(a)), 2 x 10%ml (Fig. 3(b)), and 4 x 10%ml (Fig. 3(c)). After 0
day (i.e., 10 min), 1, 3, and 5 days, the morphologies of the cell spheroids and the correspond-
ing fluorescence images were captured for assessment of long-term perfusion and spheroid via-
bility. Usually, the conventional hanging drop method needs an aggregation time of more than
one day (>24 h) with a wide range in the size variation of spheroids.”” Our method enabled
uniform spheroid formation with a time of less than one day (<24 h). The hanging drop method
generally used in laboratories is limited to manual methods. When the cell suspensions are
hanging from cell culture dish, the radius of curvature is not uniform, resulting in several sphe-
roids in the single hanging drop. Thus, they need more time to be aggregated each other. How-
ever, micro-confined structures can gather the cells into a single spot at once, reducing the time
to be single and uniform spheroids. Then, the spheroids were long-term cultured by the gravity-
driven perfusion of a medium for 5 days. The dimension of microchambers was 500 ym and
300 um in diameter and height, respectively. If the size of spheroids is exceed above the height
(300 um), the spheroids will be deformed to cylindroids. In this study, the reason the spheroids
were grown above the limitation was to demonstrate our perfusion system is robust for the cell
culture. If the spheroids are retrieved before the limitation, they will maintain spherical mor-
phology. The captured EGFP images confirm excellent viability of the perfused spheroids.?***

Figure 4 shows the size distribution of the spheroids in the given conditions. The cross-val-
idation (CV) errors of the sizes of the spheroids in 1 day were 5.5%, 7.2%, and 8.9% for 1x,
2x, and 4 x, respectively. As the EBs were growing in the chambers, their size was comparable
to the chamber dimensions (300 um in height and 500 um in diameter). The increasing rate of
the spheroid size for 3 days was 19.9%, 10.1%, and 9.2% per day for 1x, 2x, and 4x, respec-
tively. The tendency of lower increasing rate in the large spheroids can be attributed to limited
chamber volume and mechanical stress. Once the spheroids (for 2x and 4x) grew up to geo-
metrical limitation of channel height (300 pum), they were laterally extended, which showed
higher increasing rates than those for 3 days. Thin terrace structures surrounding the micro-
chambers could prevent the spheroids from obstructing the narrow perfusion channel, thereby
allowing maintenance of smooth flow via the terrace structure even though the spheroid sizes
are greater than the chamber height.** The spherical size was well regulated by the initial cell
concentrations and long-term perfusion, even though the chamber dimensions need to be further
optimized to grow EBs larger than 300 um.

Retrieval of cell spheroids

Spheroid retrieval with high efficiency is a desirable property of 3-D cell culture systems.
Successful retrieval allows for further experimentation, such as the molecular biology analysis
of EBs or encapsulation of spheroids within biomaterials for developing functional tissue con-
structs. We performed the retrieval process by means of similar standard pipetting. The back-
flow from port 4 to port 1 was initiated by closing ports 2 and 3 and injecting a medium from
the port 3. The 3-day cultured spheroids with 2x concentration (~220 um) were successfully
extracted using the back flow procedure (Fig. 5). Spheroids smaller than ~300 um were easily
retrieved even though the neck size of the chamber was 150 um. This was due to the elasticity
of spheroids facilitating easy release from the trap chambers without difficulty. The design
strategy through gravity-oriented methodology, standard manual pipetting, electric circuit
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analogy, and rounded channel geometry allowed straightforward device handling for cell
loading, spheroid formation, long-term perfusion, and the retrieval of the cell spheroids.

CONCLUSION

We demonstrated a simple and effective method of forming cell spheroids in a gravity-oriented
multi-level structured microfluidic device. With HEK 293 cell, uniform and well-conditioned EBs
were formed and cultured for 5 days using the gravity-driven perfusion device. The size of
spheroids was well regulated by adjusting the initial cell concentrations and long-term perfusion.
By applying reverse flow for the retrieval of the spheroids, we could easily extract them from the
microchambers without damage, showing scope for further standard biological experimentation.
Thus, we expect the proposed method will give valuable insight into the study of 3-D cell culture
models without a significant level of device handling skills.
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